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Background of th Inv ntion 

1. Field of the Invention 

The invention is concerned with devices entailing 
the reflection of electromagnetic radiation - specifi- 
cally in which the reflection is by a principle some- 
times referred to as Distributed Bragg Reflection. 
Reflectors of this nature serve a variety of uses and 
all are of consequence to the invention. Uses include 
simple reflection in which the device contemplated 
may be the reflector itself as well as more sophisti- 
cated devices, e.g. Including cavities, in which cavi- 
tation, of coherent or incoherent light is at least in part 
attributed to Distributed Bragg Reflection. 

2. Description of the Prior Art 

Distributed Bragg Reflectors (DBR) are of 
increasing significance due largely to their capability 
of more completely reflecting energy. This advantage 
is retained for essentially the entire spectrum of elec- 
tromagnetic energy although specific design is for a 
specific fractional spectrum. Whereas simple or 
single interface, reflectors continue to serve their 
many purposes, effectiveness is wavelength-depen- 
dent For many uses resort must be had to DBR e.g. 
as in the x-ray spectrum. At other wavelengths, so- 
called "effective reflection" of perhaps as great as 
95% or even 98+% is inadequate or at least awkward. 
Laser cavities designed both for effective emission 
and e.g. to take heat dissipation into account, may 
take advantage of 99+% cavity reflection - a value not 
generally realizable for simple reflection. 

DBR design and fabrication is dependent upon a 
number of considerations - some economic, some 
functional. Depending as they do upon accumulated 
reflection resulting from successive contributions at 
interfaces between successive pairs of material of dif- 
fering refractive index, operation is dependent upon 
the reflection/transmission ratio at concerned inter- 
faces - a characterisric determined by An (the differ- 
ence of refractive index of the two materials forming 
the interface). This value, in turn, determines the num- 
ber of layers required for a given reflectivity. Increas- 
ing An has economic implications in permitting a 
smaller number of layers, has yield implications in that 
fabrication simplification (attendant e.g. on need to 
deposit lesser number of layers) statistically lessens 
flaws, and has operational implications e.g. in that ref- 
lection traversal path may be shortened, thereby 
improving response time. 

Most d manding DBR structures, for example, 
those used in laser cavitation, depend upon a very 
high degree of crystalline perfection. This need is 
satisfied by a variety of epitaxial growth techniques. 
Procedures finding acceptanc in laser fabrication at 
this tim include Molecular Beam Epitaxy, Chemical 



Vapor Deposition and variants. All such procedures 
as applied, for example, to growth of layers of permit- 
ted thickness variation corresponding with a mono- 
lay r as r fer need to nominal lay r dim nsions of 

5 hundreds of A, are xtrem ly tim consuming and 
expensive. Vertical Cavity Surface Emitting Laser 
(VCSEL) cavities, commonly requiring very high ref- 
lectance efficiency, may entail several hours of dep- 
osition processing in expensive, high space 

10 consuming equipment Some have estimated that 
such processing represents 50% or more of device 
cost 

Operationally, DBR complexity has consequ- 
ences of significance. Depedence upon many-iaye- 

15 red reflectivity statistically increases interfacial 
defect, dimensional inhomogeneity - e.g., layer thick- 
ness variation, as well as increasing cavity path 
length. It is to be expected that all such considerations 
are favorably affected by decreasing the number of 

20 Bragg layers. Since this design criterion - the number 
of layers required for a desired value of reflectivity - 
increases with the ratio of indices of refraction at the 
interface, every effort is made to seek out materials of 
largest An in otherwise satisfactory materials (e.g., 

25 materials of desired atomic dimension, morphology, 
crystalline orientation). 

While the search for still more effective materials 
continues, the need is less for certain wavelength 
regimes. For example, available An values for 99.7% 

30 cavity reflectivity at wavelengths X = 0.85-0.98 \im is 
sufficient to realize laser cavitation for a single quan- 
tum well GaAs-based VCSEL using DBR mirrors of « 
18 pairs of GaAs/AIAs (An = «0. 65). Cavitation for 
other wavelengths is not so easily attained. For 

35 example, InP-based materials used in laser cavitation 
at » 1 . 55fim have of offered such An values. A single 
quantum well VCSEL for operation at this wavelength 
has not yet been publicly demonstrated and would 
likely require as many as 40 Bragg pairs for each mir- 

40 ror (An = «0. 3). 

DBR cavities, essential to the operation of (cohe- 
rent) laser devices described, serve a secondary 
function which may be of value for incoherent emis-* 
sion - e.g., in providing directionality with implicit 

45 advantage in terms of brightness for efficiency (bright- 
ness of the desired field of view). In general, cavitation 
of such incoherent sources has been impeded by 
unavailability of mirrors accommodating the spectral 
emission range which is quite broad relative to that of 

so a laser. This impediment would be alleviated by large 
values of An. Wavelength dependence of reflectivity 
decreases as An increases.) A number of other uses 
will b well served by An values greater than those 
presently availabl . Such uses include wavel ngth 

55 sensitive detectors, optical logic etalons, optical mod- 
ulators, as well as systems and processes requiring 
high r flectivity mirror el ments. Th latter category 
includes various types of projection, and, at this time, 
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mayb of consequence in proj cti n lithography e.g. 
f r fabrication of devices of submicron dimensions. 

Summary of th Invention 

The invention depends upon increased An values 
realized by etch-removal followed by back-filling of 
alternating layers of DBR structures. It is of particular 
consequence for use in sophisticated devices/sys- 
tems in which functionality is dependent upon the high 
degree of perfection ordinarily attained only by use of 
carefully conducted MBE, CVD and related proces- 
ses. In accordance with the invention, layers - either 
those of higher refractive index or those of lower ref- 
ractive index - are selectively removed by etching, fol- 
lowed by replacement by material of respectively still 
higher or still lower index. 

In accordance with the inventive teaching, the 
excellent functional properties of epitaxial Bragg 
structures are largely retained first by etching with a 
highly composition-dependent etchant, and by rep- 
lacement of etch-removed layered material by ma- 
terial of appropriate refractive index. Back-filling, 
specific details of which may vary as described 
herein, generally entails use (partial or total) of 
organic polymeric material having appropriate physi- 
cal properties both for fabrication and operation. The 
former generally requires a low initial level of vis- 
cosity, a low level of unwanted reactivity - properties 
required to assure generally voidless, uncontami- 
nated back-filling. The latter generally requires 
requisite optical properties - e.g. appropriately low 
radiation absorption, temperature stability, and stabi- 
lity with respect to other contemplated influences. 

Satisfaction of the above is of value in the whole 
variety of uses already served by DBR, as well as, 
some which have been effectively precluded by 
adverse characteristics now overcome. Lasers 
operating at already expedient wavelengths are ser- 
ved by devices in accordance with the invention which 
may depend on a lesser number of Bragg layers - with 
beneficial implications in terms of e.g. fabrication 
economy, as well as, response time. As noted, certain 
types of structures, e.g. 1 . 55 urn VCSELs have been 
largely unattainable - a circumstance now remedied 
by use of the inventive teaching. 

High An values in reducing the degree of reflec- 
tivity dependence on wavelength is expected to serve 
in a broad category of uses. Generation, as well as, 
detection of incoherent electromagneric radiation will 
be of consequence, for example, in high directionality, 
high brightness efficiency LED-containing cavities. 
Implications in terms of radiation-promoted reactions, 
as in reproduction and facsimile may be consid rable, 
may result in replacement of lasers as well as other 
presently us d light sources. 



Brief Description of th Drawing 

FIG. 1 is a schematic perspective view depicting 
a d vice including a DBR structure in accordance with 
5 the invention. 

FIG. 2 is a schematic elevational view of a cavity 
structure containing an active region straddled by two 
DBRs. 

w Detailed Description 

Drawing 

The device of FIG. 1 includes a DBR 10 atop sub- 

15 strate 11. Initial fabrication involves epitaxial growth 
of layers 12 - generally of material having the larger 
value of refractive index - embracing layers 13. In fab- 
rication layers 13 were produced by also epitaxial 
growth of dispensable material which was subse- 

20 quently etch removed and replaced by organic com- 
position-containing material in accordance with the 
invention. For the usual structure In which layers 12 
are of the higher index material, layers 13 as back-fil- 
led are of the lower. (Since the now-removed material 

25 initially constituting layers 1 3 plays no functional role 
in operation, there is no requirement regarding index 
of refraction - It may be selected solely on the basis 
of fabrication expediency.) The structure of FIG. 1 f as 
constituted of paired materials GaAs and acrylic 

30 polymer, serves as a 99+% efficient reflector for 0.98 
um radiation. (This compares with reflectivities of = 
65% for the commonly used pairs of GaAs/AIAs.) In 
terms of 1.55 um radiation, such a structure utilizing 
e.g. acrylic back-filled InP may yield reflectivity of 

35 approximately the same value. (Unmodified InP-ba- 
sed DBR structures - paired layers of InP/lnGaAsP - 
yield only « 50% reflectivity.) 

This figure is used in discussion of device fabri- 
cation further on. Briefly, etch removal of layers 1 3 is 

40 accomplished by edge exposure during immersion 
within etchant not shown. Expedient removal is expe- 
dited by provision of apertures 14 bearing edge sur- 
faces 15. 

For a particular embodiment, etchant compo- 
45 sition/conditions were such as to prevent removal of 
material in layers 13 within regions 16 so as provide 
structural support, assuring continued separation of 
layers 12 during processing and thereafter. 

FIG. 2 is representative of a category of devices 
so of the invention in which DBR mirrors serve to cavitate 
electromagnetic energy, either coherent or incohe- 
rent, as yielded by an embraced active region. In this 
figure, the active region 20 is shown as consisting of 
four quantum wells 21 which together are represen- 
55 tative of a recombination region which is in turn 
embraced by p-type semic nductor layer 22 and n- 
typ semiconductor layer 23. Design requirements 
are well-known and ar not discuss d in detail. As in 
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all such structures, optimal p rformance requires that 
the recombination region encompass an antinode for 
wav nergy of concern in a cavity with resonance at 
the d sired wavel ngth. Th functional structure is 
c mpleted by DBRs 24 and 25, each of which is con- 
stituted of back-fill layers 26 and retained epitaxially 
grown layers 27. Substrate 28, upon which the origi- 
nal unetched structure was grown, is shown in broken 
section. Electrodes 29 and 30, making electrical con- 
tact to layers 22 and 23, respectively, serve for the 
usual contemplated operation in which the structure is 
electrically pumped. 

It has been indicated that an important aspect of 
the invention concerns incoherent rather than cohe- 
rent cavitation. The large An values realizable give 
rise to facility which translates into effective means for 
imparting direction, and, therefore, improved image 
field brightness for a far broader spectrum than 
characterizes a laser. A major advantage realized by 
substitution of e.g. an LED for the lasing active region 
is concerned with fabrication cost. Requirements for 
expected uses such as in photocatalysis and perhaps 
more importantly in the growing field now served by 
laser surgery, are satisfied by attainment of desired 
energy level with little or no regard to spectral width 
and coherence. There are instances where the device 
category represented by use of an LED is in fact 
advantageous. An example is in avoidance of the 
speckle sometimes characteristic of laser imaging. 

Treating FIG. 2 as a cavity structure based on an 
LED active region 21, relieves some of the structural 
demands,. An LED active region 21 like a bulk rather 
than quantum well laser, does not necessarily contain 
the quantum wells depicted. Dimensional consider- 
ations, while not of the same necessary precision, are 
similar. For the instance in which the embraced active 
region 20 is of lower refractive index than the adjoin- 
ing mirror layers, the thickness dimension (the dimen- 
sion corresponding with the emission direction) is one 
or more wavelengths - for the LED case desirably 
approximates one or more wavelengths for the central 
frequency emitted. Again, reliance is had on the well- 
known design criteria for such structures which dic- 
tate a different dimension in the instance in which 
embracing mirror layers are of lower index than the 
active region. 

The numbers, as well as precision of DBR layers 
shown, may be relaxed for the incoherent device. The 
structure depicted as optionally including four quan- 
tum wells is in fact capable of lasing at e.g. 0.95 urn 
for the Bragg stuctures shown (use of acrylic back-fil- 
ling with retained epitaxially GaAs layers) result in a 
An value of » 2.05. 

D vice Categories 

All d vices of th invention entail distributed ref- 
I ctivity of a type ordinarily associated with Distri- 



buted Bragg Refl ctors. As usually contemplated, 
DBR structures consist of at least three functional 
int rfaces (by "tunctionaHs meant interfaces con- 
tributing t th cumulative reflect! n fthed vice)). In 

5 making this stat ment, it is recognized that there is 
some disagreement, at least with certain types of 
DBRs, as to whether reflectivity should be ascribed 
simply to two-dimensional interfaces, or whether 
some degree of penetration might be entailed. There 

10 are even structures that for various reasons, including 
ease of fabrication, deliberately utilize perturbations 
of more gradual slope then that of the precipitous 
interface ordinarily contemplated at least in text 
books. The terminology, DBR, as used herein, is 

15 intended to include any of the above. 

The inventive teaching is based on replacement 
of one or more layers of epitaxially grown material to 
produce large values of An. The simplest structure 
entails replacement of at least one such layer. For 

20 many contemplated purposes, DBRs are expected to 
yield reflectance values of 99+%. Attainable An 
values in accordance with the Invention, while cer- 
tainly wavelength dependent, commonly range at 1 
and above. In terms of the usual desire for 99+% ref- 

25 lectance as in VCSEL structures, this translates into 
three or more pair DBRs, and such DBRs represent 
a preferred aspect of the invention. VCSELs repre- 
sent an area of intense activity at this time. Structural 
variations are many - include devices using but a 

30 single quantum well, use of hybrid (DBRs of reduced 
layer count as supplemented by conventional reflect- 
ing members), encircling electrodes with hourglass 
current path configuration assuring current conflu- 
ence in the active region, etc. etc. Here, as elsewhere, 

35 no attempt is made to describe the vast variety of 
devices/device variations which may profit by use of 
the inventive DBRs. Even here, other uses, such as 
cavity-containing LEDs, in owing their value to fabri- 
cation economy, may be well served by one or two 

40 such pairs in each DBR. 

Structures gaining by the inventive teaching - to 
some extent dependent upon availability of highly 
selective etchant compositions/processes - are 
accordingly described as including high aspect ratio 

45 layers. For these purposes.all such structures are 
based on at least one back-filled layer having a width 
or length to thickness ratio of at least 3:1. Processes 
conducted in accordance with the inventive teaching 
have resulted in successful back-filling of layers hav- 

so ing such aspected ratios of 6:1 and higher. Such ratios 
characterize usual DBR structures particularly as 
serving in VCSEL cavities and are preferred in 
accordance with the inventi n. At this time there is lit- 
tle reason to consider anything other than uniformity 

65 of index within any given epitaxially produced layer 
(eith r as retain d or replaced), nor any d liberate 
variati n in An for the usual multWay red structures. 
The inventive teaching, howev r, is applicable to 
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attain any such variation so that, for example, back- 
filled material may be deliberat ly van d in index in 
any direction to accommodat any need and retain d 
and/ r back-filled epitaxiaily produced lay rs may 
vary in index. By th same token, initial use will likely 
be in construction of DBR structures of alternating 
layers with every other layer replaced. Structural 
device requirements may benefit by variations such 
as etch removal and back-filling e.g. of every third 
layer. In general, alternating layers as grown - layers 
to be replaced - are of material chosen with a view to 
fabrication - index of such removed layer plays no role 
in ultimate device operation. Device design may con- 
template retention of one or more of such layers in 
which event material choice might satisfy optical 
needs (in lieu of optimization simply in terms of 
epitaxy and ease of removal). 

The Process 

It is convenient to discuss other aspects of the 
invention in terms of processing. In this section dis- 
cussion is largely directed to fabrication which differs 
because of the inventive teaching - to fabrication 
largely as concerning removal and back-filling to 
attain the inventive objectives. 

In every instance, fabrication entails epitaxial 
growth on a "substrate 11 - on a surface evidencing the 
degree of perfection, lattice parameters, etc. required 
for epitaxial growth of material of requisite quality. 
Ordinarily, the functioning portion of the mirror is best 
served by imperfection-free material which is uniform 
at least in the layer direction (ordinarily in thickness 
direction as well). 

Epitaxial growth may take any of the various 
forms appropriate to device/composition. Exper- 
imental work on which reported results are based 
made use of MBE, CVD, or variants. Workers in the 
field are aware of the various procedures and their 
limitations and may choose other types of epitaxial 
growth. Liquid Phase Epitaxy is an example. Expe- 
diency in attainment of perfect or near-perfect epitaxy 
is advanced by non-retention, generally of alternating 
grown layers. As indicated, such material, in many 
instances, may be chosen to advance this objective 
without regard to device function (since It is to be 
removed). 

In a very real sense the value of the inventive 
teaching is based on separation of fabrication condi- 
tions from ultimate device operation. As indicated, 
outstanding performance of Distributed Bragg Reflec- 
tors has been a consequence of extremely precise 
control in terms of fir dom from imperfection as well 
as int rfacial smoothness. Such structures d pend 
upon 1/4 X mirror layers of material of alternating ref- 
ractiv ind x with sufficient freedom from crystallin 
imperf ction and surface roughness to all w near- 
theoretical ray behavior. Unfortunately, this accom- 



plishment has imposed sufficiently severe require- 
ments as to limit device functioning - as to limit device 
functioning particularly in terms of limited An values, 
in turn: requiring large numb rs of mirror pairs; impos- 
5 ing limitations on wavelength as well as spectral width 
of radiation to be reflected; introducing absorption 
loss of particular consequence at shorter wavelegths, 
e.g., in the X-ray spectrum. 

Virtually complete separation of the two consider- 
to ations permits removal and replacement of alternating 
layers so as to produce higher An values while, in large 
part, retaining the freedom from structural imperfec- 
tions noted. A preferred embodiment of the Invention 
may further enhance surface smoothness of etch-re- 
ts vealed surfaces - to result ultimately in greater layer- 
to-layer smoothness. Such interfacial smoothness is 
largely a consequence of growth, rather than etch 
removal. Surface smoothness of a growing layer is 
dictated by energy considerations. Ultimate smooth- 
20 ness, to the extent permitted by the atomic arrange- 
ment of the material, corresponds with the lowest 
free-energy state of the surface. Accordingly, as- 
suming reasonably uniform growth conditions, attain- 
ment of ultimate smoothness is a matter of kinetics. 
25 An important factor of consequence in determining 
smoothness concerns kinetics of the movement of 
material as deposited. Depending on the deposition 
process used, such material may correspond with a 
final device-functioning material, e.g. AlAs, or alterna- 
30 rively, with initial component/s or other precursor, e.g. 
the atom Al. Reference to mobility in terms of final 
device composition should be considered as entailing 
either possibility. It turns out that certain materials are 
of lesser mobility, to result in a tendency for depositing 
35 material to remain where initially deposited. Particular 
materials, advantageously used in the invention - cho- 
sen on the basis of etch-selectivity - are of low mobility 
under conditions designed for ease of fabrication, 
e.g., for high throughput Specifically, AlAs (or more 
40 precisely, for the MBE deposition process used, the 
atom, Al) has a very much lower mobility than that of 
the companion material GaAs. Under growth condi- 
tions otherwise desirable, etch removal of growth of 
AlAs of required layer thickness (of one or some gre- 
45 aterodd multiple of 1/4 X) may result in surface rough- 
ness which is transferred to the subsequently 
epitaxially-grown GaAs to be retained. Removal of the 
AlAs followed by backfilling produces interfacial 
roughness which may be of device consequence. 
so Several remedies for this interfacial roughness 
are offered. Since the problem is simply kinetic, rather 
than thermodynamic, temperature may be increased, 
time may be increased, etc. To the extent that material 
of alternating layers is unaffected - to th ext ntthat 
55 other device properties are of impaired - this may be 
an adequate solution. An example h rein takes a dif- 
ferent approach. In Exampl 2 th disposabl "layer" 
is in fact made up of tw , or a multiplicity of sublayers. 

6 
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In accordance with the work r ported in this example, 
the final sublayer was of one or a small number of 
monolayer thicknesses of AlAs. Limited mobility of 
this near-monolay r, in consequence, could have 
only minimal adv rse aff ct in terms f surface rough- 5 
ness. The underlying surface of high-mobility assured 
GaAs together with this consideration resulted in the 
improved smoothness. 

While the genus of this preferred embodiment is 
so described, the particular work reported in Example 10 
2 is representative of an important approach. 
Maximum utilization of the increased mobility 
associated with the Ga-containing composition was 
realized without impairing etch-removability by use of 
sufficiently thin alternating layers (of GaAs, AlAs) so 15 
as to be "seen" by the etchant virtually as a homo- 
geneous alloy composition. Growth of near-mono- 
layer thick layers minimized the smoothing required of 
the higher mobility GaAs - reduced the depth of cre- 
vices of underlying AlAs to be filled. 20 

Other work, resulting in improved interfacial 
smoothness, depended upon use of a uniform alloy 
composition - e.g., 0.6 AlAs 0.4 GaAs. Again, 
increased mobility of the now-uniform composition 
resulted in smoothness substantially improved rela- 25 
tive to that attained by the binary AlAs alone. Again, 
etch selectivity was of seriously impaired. 

Prototype DBRs are ordinarily based on grown 
layer thickness, each of a quarter wavelength. Back- 
filling expediency, where selectivity is restricted or 30 
where particular device characteristics are sought, 
may impose limitations on minimum thickness. For 
example, necessary use of relatively high viscosity 
material may impose requirement for e.g. three, five, 
or more quarter wavelength thicknessperhaps by 35 
reason of temperature limitations in fabrication; 
perhaps due to fabrication or functional need to use 
relatively high molecular weight material (other than 
the usual compositions which afford both low viscosity 
in fabrication, as well as, high molecular weight attri- 40 
butes in the final device). 

The preceding paragraph is based on fundamen- 
tal considerations. Direct applicability to reflector 
design using real materials is generally appropriate. 
However, under certain circumstances, e.g. when 45 
absorption loss is particularly high as it is for the x-ray 
spectrum, optimization may suggest deviation. For 
example, where one of the two paired Bragg layers is 
significantly more absorptive than the other, net enh- 
ancement may result from pairs constituted of thinner 50 
high absorption and thicker low absorption layers (still 
totalling 1/2 X). 

To a certain extent th invention depends on the 
observed ability for sel ctive etch removal f high 
aspect ratio layers. This objective, as noted, is adv- 55 
anced by the freedom to choose e.g. alternating 
lay rswith ut regard to devic function - perhaps with 
regard to etch removal, of cours , with other compat- 



ible fabrication n eds. An example herein makes us 
of hydrofluoric acid and this material showed ade- 
quate s lectivityasb tween AlAs to be r moved and 
.g. GaAs. As is know, tching conditions are of con- 
sequence as w II. In ne instance, reduced t mp ra- 
ture («0°C) produced surfaces of increased 
smoothness. In another, ultrasonic vibration resulted 
In more effective selective removed. The flexibility 
with which disposable material may be chosen per- 
mits processing on the basis of the many known etch 
dependent factors. 

Liquid etchants are generally available to satisfy 
fabrication needs and are otherwise conveniently 
used. Uniform penetration is assured by simple con- 
trol measures - maintenance of temperature unifor- 
mity, agitation, etchant concentration uniformity, etc. 
- all easily controlled while using simple immersion 
etching. Vapor state etching imposes some greater 
demands on apparatus and control but may serve. 
Controlled area etching, e.g. by use of masked reac- 
tive ion etching may be used - may be of particular 
value where materials are such that etch removal 
selectivity is limited. The tatter could even be used to 
create voids to be back-filled within gross bodies of 
unvarying composition. 

In most fabrication it is critically important that 
there be no residue on relevant surfaces during back- 
filling. In some instances etchant removal is easily 
accomplished e.g. by evaporation. In most circumst- 
ances, however, imposition of fabrication require- 
ments respects choice of etchants so that removal 
requires special precaution - often one or more speci- 
fic removal steps. In general, removal is accom- 
plished by use of solvent material serving this sole 
purpose. In the instance of liquid state HF etching, 
dilution with water to terminate etching resulted also 
in partial removal. Freedom from etchant/dissolved 
material, as well as from unwanted by-products, was 
assured by continual dilution, sometimes as accom- 
panied by ultrasonic agitation, followed ultimately by 
acetone removal of water. Experimentally, it was 
found that collapse of retained layers resulted during 
dilution. Collapse was avoided by limiting the degree 
of dilution. It was assumed that collapse was the 
result of capacitive charging of the retained layers (as 
enhanced due togood dielectric quality of highly 
diluted acid solution) due to stray electrical fields. 
Retention of acetone on the surfaces aided in avoi- 
dance of voids during back-filling. 

A consideration of some consequence is avoi- 
dance of col lapse of retained layers - of particular con- 
cern for larger aspect ratios. While collapse may be 
alleviated in a number of ways, for example, by the 
retained material within regions 16 in accordance with 
the embodiment of FIG. 1 , it may be desirable to take 
other pr cautions. It has be n found useful to ke p 
etch v ids (corresponding with removed layers) filled 
with liquid t be displaced during back-filling. Simpl 
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retention of aceton in the above procedure has be n 
effective. In certain instances, it is necessary to pre- 
sent dried, unfilled regions for back-filling. A xample 
concerns use of r lativ ly high viscosity mat rial 
(required perhaps by r ason of functional character- 
istics) which may not readily displace filling material. 
A solution involves use of CO 2 - in one expedient, 
above the critical point (« 1100 psi, and 31.5 °C). 
Specifically, the procedure, know as supercritical dry- 
ing (see, A Boyde and P. Vesely, "1972 Proceedings 
of the Annual Scanning Section Microscopy Sym- 
posia", p. 266) involved the introduction of gaseous 
C0 2 under conditions such that it was liquified to dis- 
solve and remove remaining acetone. Heating to a 
temperature above the critical point followed by 
removal of gas state CO2 completed the process. 

Back-filling materials are chosen with regard to 
ease of fabrication, as well as, device functioning. 
Since the overall objective is large An, it invariably has 
a refractive index which differs significantly from that 
of adjoining retained material. From the fabrication 
standpoint, a primary requirement is low viscosity - to 
expedite introduction without leaving interfacial voids 
- and, as noted, in some instances to displace 
retained filling material. 

Most success has been had with thermosetting 
resins, noted for their dimensional stability, cured 
after filling so as to take advantage of low viscosities 
of low molecular weight starting ingredients. Exem- 
plary materials are the amine-cured epoxies, 
organosiloxane polymers (e.g. "Glas Resins®" sup- 
plied by OINEG) and acrylics (such as "LR White" 
(soft grade) - (see, G. R. Newman, et al, "J. Micros- 
copy", vol. 1 27, RP5-RP6 ( 1 982). 

The uncured resin components may be intro- 
duced as a solution in a low viscosity organic solvent 
(e.g., acetone) to facilitate penetration of the etched 
layered structure, followed successively by more con- 
centrated solutions to provide a greater density of 
resin in the final structure. Alternatively, low viscosity 
may be achieved by the well known techique of using 
a low viscosity, reactive diluent that is incorporated 
into the final resin (which may be either thermoplastic 
or thermosetting). After filling, the resin components 
may be cured by conventional means, e.g., by thermal 
or photochemical activation of suitably chosen com- 
ponents in the mixture of monomers and/or prepolym- 
ers and curing agent(s). 

Example 1 

The configuration of FIG. 1 is produced by 
epitaxial growth on a substrate of GaAs of overall 
dimensions approximately 0.5"x 1.0"x0.02" of suc- 
cessive layers (layers denoted 12, 13 on the FIG.) of 
1341 A thick AlAs, 2,960 A thick (5 XI A layer) 
AloaGaojAs to result in the six layer structure depic- 
ted. AlAs layers are etch r moved by aqueous 10 



wt% HF 0°C under ultrasonic agitati n. 

R moval of layer d material of maximum dimen- 
sion of 30 um requires approximately thre minutes in 
the 10% acid solution. F llowing, th hydrog n 
5 fluoride solution is diiut d with distill d water to » 1 
part HF in 10,000. Removal of the essentially pure 
water residuum is by acetone. 

Mutual solubility of residual acetone and acrylic 
back-filling material eases introduction (any possible 
10 small amount of dissolved acetone is of immeasur- 
able effect in the functioning device). Etch removal 
and back-filling are expedited by provision of rec- 
taiinear voids as shown In the figure. The procedure 
entails conventional masking followed by use of a 
15 non-preferential etchant 

An values of approximately 1 .91 for X = 0.88 um 
results in reflectivity exceeding 97 %. 

Example 2 

20 

The configuration of FIG. 1 is produced in accord- 
ance with a process variation in which the disposable 
"layer" is in fact constituted of a successionof very thin 
layers again of altemaring composition (here referred 

25 to as a "superalloy"). 

Growth is epitaxial on a GaAs substrate. Layers 
as grow In succession on the substrate are: 6A units 
thick AlAs - 4A units thick GaAs, etc. for totality of » 
145 pairs (total thickness of 1 ,450A units). A 2.966A 

30 units thick layer of Al 0 ^ Gao.7 As is grown atop the 
superlattice layer. The procedure is repeated five 
times to result in a totality of six superalloy layers and 
six Al 0 .a Gao.7 As layers of the thicknesses set forth. 
Superalloy layers are etch removed with HF of corv 

35 centrations and under conditions as set forth in 
Example 1. 

Claims 

40 

1 . Process for fabrication of a device comprising a 
Distributed Bragg Reflector comprising a plurality 
of layers of high and low refractive index material 
with regard to electromagnetic energy of a 

45 wavelength intended for use in device operation, 
in which one such refractive index material is 
grown epitaxiaily 

CHARACTERIZED in that the other such 
refractive index material is produced by back-fil- 

50 ling of etch-removed epitaxiaily grown disposable 
material, thereby resulting in a Distributed Bragg 
Reflector including at least one retained layer of 
high or low r fractive index in contact with at least 
one back-filled layer of refractive index which dif- 

55 fers significantly from the said-retained layer. 

2. Process of Claim 1 in which etch-removed 
epitaxiaily grown disposabl material is of 
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composition differing from that of the said at least Claims 1 through 14. 

one retained layer. 

3. Process f Claim 2 in which etch removal is by 

use of etchant which selectively removes said 5 
disposable material. 

4. Process of Claim 3 in wh ich said reflector consists 
essentially of alternating layers of said high and 

low refractive index material. 10 

5. Process of Claims 3 or 4 in which each layer of 
epitaxially grown disposable material consists 
essentially of a plurality of uniformly thin sub- 
layers of differing compositions, one such sub- 15 
layer composition being substantially more 
soluble in etchant as used for selective removal 

in accordance with Claim 3. 

6. Process of Claim 1 in which back-filling is by pre- 20 
cursor materials yielding back-filling consisting 
essentially of thermoset polymeric material upon 
curing subsequent to back-filling. 

7. Process of Claim 1 in which etch-removal is fol- 25 
lowed by at least one step in which etchant is 
removed. 

8. Process of Claim 7 in which etchant removal 
entails introduction of material which dissolves . 30 
such etchant. 

9. Process of Claim 8 in which the etchant is a water 
solution and in which etchant removal comprises 
further dilution of the said etchant. 35 

10. Process of Claim 9 in which such further dilution 
is succeeded by introduction of an organic sol- 
vent material compatible with the said back-filling 
material. 40 

11. Process of Claim 7 in which etchant removal is 
succeeded by supercritical drying. 

12. Process of Claim 1 1 in which supercritical drying 45 
consists essentially of Introduction of carbon 
dioxide at pressure and temperature above its 
criticalpoint and in which supercritical drying fol- 
lows directly after etchant removal. 



50 



13. Process of Claim 1 in which An is numerically at 
least equal to 1 . 



14. Process of Claim 13 in which An is numerically at 
least equal to 1.8, in which retained refractiv 55 
index material comprises AIGaAs. 

15. Product as produced by the process f any of 
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Description 

Backgr und of the Inv ntjon 

1. Field of the Invention 

The invention is concerned with devices entailing 
the reflection of electromagnetic radiation - specifically 
in which the reflection is by a principle sometimes re- 
ferred to as Distributed Bragg Reflection. Reflectors of 
this nature serve a variety of uses and all are of conse- 
quence to the invention. Uses include simple reflection 
in which the device contemplated may be the reflector 
itself as well as more sophisticated devices, e.g. includ- 
ing cavities, in which cavitation, of coherent or incoher- 
ent light is at least in part attributed to Distributed Bragg 
Reflection. 

2. Description of the Prior Art 

Distributed Bragg Reflectors (DBR) are of increas- 
ing significance due largely to their capability of more 
completely reflecting energy. This advantage js retained 
for essentially the entire spectrum of electromagnetic 
energy although specific design is for a specific fraction- 
al spectrum. Whereas simple or single interface, reflec- 
tors continue to serve their many purposes, effective- 
ness is wavelength-dependent. For many uses resort 
must be had to DBR e.g. as in the x-ray spectrum. At 
other wavelengths, so-called "effective reflect ton" of 
perhaps as great as 95% or even 98+% is inadequate 
or at least awkward. Laser cavities designed both for 
effective emission and e.g. to take heat dissipation into 
account, may take advantage of 99+% cavity reflection 
- a value not generally realizable for simple reflection. 

DBR design and fabrication is dependent upon a 
number of considerations - some economic, some func- 
tional. Depending as they do upon accumulated reflec- 
tion resulting from successive contributions at interfaces 
between successive pairs of material of differing refrac- 
tive index, operation is dependent upon the reflection/ 
transmission ratio at concerned interfaces - a charac- 
terise determined by An (the difference of refractive in- 
dex of the two materials forming the interface). This val- 
ue, in turn, determines the number of layers required for 
a given reflectivity. Increasing An has economic implica- 
tions in permitting a smaller number of layers, has yield 
implications in that fabrication simplification (attendant 
e.g. on need to deposit lesser number of layers) statis- 
tically lessens flaws, and has operational implications e. 
g. in that reflection traversal path may be shortened, 
thereby improving response time. 

Most demanding DBR structures, for example, 
those used in laser cavitation, depend upon a very high 
degree of crystalline perfection. This need is satisfied 
by a variety of pitaxial growth techniques. Procedures 
finding acc ptanc in laser fabrication at this time in- 
clude Mol cular Beam Epitaxy, Chemical Vapor D po- 



sition and variants. All such procedures as applied, for 
exampl , to growth of layers of permitted thickness var- 
iation corresponding with a monolayer as referenced to 
nominal layer dimensions of hundreds of A, are ex- 

s tremely time consuming and expensive, vertical Cavity 
Surface Emitting Laser (VCSEL) cavities, commonly re- 
quiring very high reflectance efficiency, may entail sev- 
eral hours of deposition processing in expensive, high 
space consuming equipmenL Some have estimated 

10 that such processing represents 50% or more of device 
cost. 

Operationally, DBR complexity has consequences 
of significance. Dependence upon many-layered reflec- 
tivity statistically increases interfacial defects, dimen- 
15 sional inhomogeneity - e.g., layer thickness variation, as 
well as increasing cavity path length. It is to be expected 
that all such considerations are favorably affected by de- 
creasing the number of Bragg layers. Since this design 
criterion - the number of layers, required for a desired 
20 value of reflectivity - increases with the ratio of indices 
of refraction at the interface, every effort is made to seek 
out materials of largest An in otherwise satisfactory ma- 
terials (e.g., materials of desired atomic dimension, mor- 
phology, crystalline orientation). 
25 While the search for still more effective materials 
continues, the need is less for certain wavelength re- 
gimes. For example, available An values for 99.7% cav- 
ity reflectivity at wavelengths X = 0.85-0.98 urn is suffi- 
cient to realize laser cavitation for a single quantum well 
30 GaAs-based VCSEL using DBR mirrors of = 1 8 pairs of 
GaAs/AIAs (An = =0.65). Cavitation for other wave- 
lengths is not so easily attained. For example, InP- 
based materials used in laser cavitation at =1.55 |im 
have not offered such An values. A single quantum well 
35 VCSELforoperationatthiswavelengthhasnotyetbeen 
publicly demonstrated and would likely require as many 
as 40 Bragg pairs for each mirror (An = ^0.3). 

DBR cavities, essential to the operation of (coher- 
ent) laser devices described, serve a secondary func- 
40 tion which may be of value for incoherent emission - e. 
g., in providing directionality with implicit advantage in 
terms of brightness for efficiency (brightness of the de- 
sired field of view). In general, cavitation of such inco- 
herent sources has been impeded by unavailability of 
45 mirrors accommodating the spectral emission range 
which is quite broad relative to that of a laser. This im- 
pediment would be alleviated by targe values of An. 
(Wavelength dependence of reflectivity decreases as 
An increases.) A number of other uses will be well . 
50 served by An values greater than those presently avail- 
able. Such uses include wavelength sensitive detectors, 
optical logic etalons, optical modulators, as well as sys- 
tems and processes requiring high reflectivity mirror el- 
ements. The latter category includes various types of 
55 projection, and, at this time, may be of consequ nee in 
projection lithography e.g. for fabrication of devices of 
submicron dimensions. 
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Summary of the Invention 

The invention as set out in claim 1 depends upon 
increas d An values realized by etch-removal followed 
by back-filling of alternating layers of DBR structures. It 
is of particular consequence for use in sophisticated de- 
vices/systems in which functionality is dependent upon 
the high degree of perfection ordinarily attained only by 
use of carefully conducted MBE, CVD and related proc- 
esses. In accordance with the invention, layers - either 
those of higher refractive index or those of lower refrac- 
tive index - are selectively removed by etching, followed 
by replacement by material of respectively still higher or 
still lower index. 

In accordance with the inventive teaching, the ex- 
cellent functional properties of epitaxial Bragg struc- 
tures are largely retained first by etching with a highly 
composition-dependent etchant, and by replacement of 
etch-removed layered material by material of appropri- 
ate refractive index. Back-filling, specific details of which 
may vary as described herein, generally entails use 
(partial or total) of organic polymeric material having ap- 
propriate physical properties both for fabrication and op- 
eration. The former generally requires a low initial level 
of viscosity, a low level of unwanted reactivity - proper- 
ties required to assure generally voidless, uncontami- 
nated back-filling. The latter generally requires requisite 
optical properties - e.g. appropriately low radiation ab- 
sorption, temperature stability, and stability with respect 
to other contemplated influences. 

Satisfaction of the above is of value in the whole 
variety of uses already served by DBR, as well as, some 
which have been effectively precluded by adverse char- 
acteristics now overcome. Lasers operating at already 
expedient wavelengths are served by devices in accord- 
ance with the invention which may depend on a lesser 
number of Bragg layers - with beneficial implications in 
terms of e.g. fabrication economy, as well as, response 
time. As noted, certain types of structures, e.g. 1 . 55 u/n 
VCSELs have been largely unattainable - a circum- 
stance now remedied by use of the inventive teaching. 

High An values in reducing the degree of reflectivity 
dependence on wavelength is expected to serve in a 
broad category of uses. Generation, as well as, detec- 
tion of incoherent electromagneric radiation will be of 
consequence, for example, in high directionality, high 
brightness efficiency LED-contatning cavities. Implica- 
tions in terms of radiation -promoted reactions, as in re- 
production and facsimile may be considerable, may re- 
sult in replacement of lasers as well as other presently 
used fight sources. 

Brief Description of the Drawing 

FIG. 1 is a schematic perspective view depicting a 
device including a DBR structure in accordance with the 
invention. 

FIG. 2 is a schematic levational view of a cavity 



structure containing an active region straddled by two 
DBRs. 

Detailed Description 



The device of FIG. 1 includes a DBR 10 atop sub- 
strate 11. Initial fabrication involves epitaxial growth of 
layers 12 - generally of material having the larger value 
of refractive index - embracing layers 13. In fabrication 
layers 1 3 were produced by also epitaxial growth of dis- 
pensable material which was subsequently etch re- 
moved and replaced by organic composition-containing 
material in accordance with the invention. For the usual 
structure in which layers 12 are of the higher index ma- 
terial, layers 13 as back-filled are of the lower. (Since, 
the now-removed material initially constituting layers 1 3 
plays no functional role in operation, there is no require- 
ment regarding index of refraction - it may be selected 
solely on the basis of fabrication expediency.) The struc- 
ture of FIG. 1 , as constituted of paired materials GaAs 
and acrylic polymer, serves as a 99+% efficient reflector 
for 0.98 ujti radiation. (This compares with reflectivities 
of = 65% for the commonly used pairs of GaAs/AIAs.) 
In terms of 1.55 jim radiation, such a structure utilizing 
e.g. acrylic back-filled. InP may yield reflectivity of ap- 
proximately the same value. (Unmodified InP-based 
DBR structures - paired layers of InP/lnGaAsP - yield 
only « 50% reflectivity.) 

This figure is used in discussion of device fabrica- 
tion further on. Briefly, etch removal of layers 13 is ac- 
complished by edge exposure during immersion within 
etchant not shown. Expedient removal is expedited by 
provision of apertures 14 bearing edge surfaces 15. 

For a particular embodiment, etchant composition/ 
conditions were such as to prevent removal of material 
in layers 13 within regions 16 so as provide structural 
support, assuring continued separation of layers 12 dur- 
ing processing and thereafter. 

FIG. 2 Is representative of a category of devices of 
the invention in which DBR mirrors serve to cavitate 
electromagnetic energy, either coherent or incoherent, 
as yielded by an embraced active region. In this figure, 
the active region 20 is shown as consisting of four quan- 
tum wells 21 which together are representative of a re- 
combination region which is in turn embraced by p-type 
semiconductor layer 22 and n-type semiconductor layer 
23. Design requirements are well-known and are not 
discussed in detail. As in all such structures, optimal per- 
formance requires that the recombination region en- 
compass an antinode for wave energy of concern in a 
cavity with resonance at the desired wavelength. The 
functional structure is completed by DBRs 24 and 25, 
each of which is constituted of back-fill layers 26 and 
r tained epitaxially grown layers 27. Substrate 28, upon 
which the original unetched structure was grown, is 
shown in broken section. Electrodes 29 and 30, making 
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electrical contact to lay rs 22 and 23, r spectively, serve 
for the usual contemplated operation in which the struc- 
ture is electrically pumped. 

It has been indicated that an important aspect of the 
invention concerns incbher ntrath r than coherent cav- 
itation. The large An values realizable give rise to facility 
which translates into effective means for imparting di- 
rection, and, therefore, improved image field brightness 
for a far broader spectrum than characterizes a laser. A 
major advantage realized by substitution of e.g. an LED 
for the lasing active region is concerned with fabrication 
cost. Requirements for expected uses such as in pho- 
tocatalysis and perhaps more importantly in the growing 
field now served by laser surgery, are satisfied by attain- 
ment of desired energy level with little or no regard to 
spectral width and coherence. There are instances 
where the device category represented by use of an 
LED is in fact advantageous. An example is in avoid- 
ance of the speckle sometimes characteristic of laser 
imaging. 

Treating FIG. 2 as a cavity structure based on an 
LED active region 21 , relieves some of the structural de- 
mands,. An LED active region 21 like a bulk rather than 
quantum well laser, does not necessarily contain the 
quantum wells depicted. Dimensional considerations, 
while not of the same necessary precision, are similar. 
For the instance in which the embraced active region 20 
is of lower refractive index than the adjoining mirror lay- 
ers, the thickness dimension (the dimension corre- 
sponding with the emission direction) is one or more 
wavelengths - for the LED case desirably approximates 
one or more wavelengths for the central frequency emit- 
ted. Again, reliance is had on the well-known design cri- 
teria for such structures which dictate a different dimen- 
sion in the instance in which embracing mirror layers are 
of lower index than the active region. 

The numbers, as well as precision of DBR layers 
shown, may be relaxed for the incoherent device. The 
structure depicted as optionally including four quantum 
wells is in fact capable of lasing at e.g. 0.95 ujti for the 
Bragg stuctures shown (use of acrylic back-filling with 
retained epitaxially GaAs layers) result in a An value of 
= 2.05. 

Device Categories 

All devices of the invention entail distributed reflec- 
tivity of a type ordinarily associated with Distributed 
Bragg Reflectors. As usually contemplated, DBR struc- 
tures consist of at least three functional interfaces (by 
"functionaPis meant interfaces contributing to the cumu- 
lative reflection of the device)). In making this statement, 
it is recognized that there is some disagreement, at least 
with certain types of DBRs, as to whether reflectivity 
should be ascribed simply to two-dimensional interfac- 
es, or whether some degree of p n tration might be en- 
tailed. There are even structures that for various r a- 
sons, including ase of fabrication, deliberately utilize 



perturbations of more gradual slop then that of the pre- 
cipitous interface ordinarily contemplated at least in text 
books. The terminology, DBR, as used h rein, is intend- 
ed to include any of the above. 

The inventive t aching is based on replacement of 
one or more layers of epitaxially grown material to pro- 
duce large values of An. The simplest structure entails 
replacement of at least one such layer. For many con- 
templated purposes, DBRs are expected to yield reflect- 
ance values of 99+%. Attainable An values in accord- 
ance with the invention, while certainly wavelength de- 
pendent, commonly range at 1 and above. In terms of 
the usual desire for 99+% reflectance as in VCSEL 
structures, this translates into three or more pair DBRs, 
and such DBRs represent a preferred aspect of the in- 
vention. VCSELs represent an area of intense activity 
at this time. Structural variations are many - include de- 
vices using but a single quantum well, use of hybrid 
(DBRs of reduced layer count as supplemented by con- 
ventional reflecting members), encircling electrodes 
with hourglass current path configuration assuring cur- 
rent confluence in the active region, etc. etc. Here, as 
elsewhere, no attempt is made to describe the vast va- 
riety of devices/device variations which may profit by 
use of the inventive DBRs. Even here, other uses, such 
as cavity-containing LEDs, in owing their value to fabri- 
cation economy, may be well served by one or two such 
pairs in each DBR. 

Structures gaining by the inventive teaching - to 
some extent dependent upon availability, of highly se- 
lective etchant compositions/processes - are according- 
ly described as including high aspect ratio layers. For 
these purposes, all such structures are based on at least 
one back-filled layer having a width or length to thick- 
ness ratio of at least 3:1. Processes conducted in ac- 
cordance with the inventive teaching have resulted in 
successful back-filling of layers having such aspected 
ratios of 6:1 and higher. Such ratios characterize usual 
DBR structures particularly as serving in VCSEL cavi- 
ties and are preferred in accordance with the invention. 
At this time there is little reason to consider anything 
other than uniformity of index within any given epitaxially 
produced layer (either as retained or replaced), nor any 
deliberate variation in An for the usual multi-layered 
structures. The inventive teaching, however, is applica- 
ble to attain any such variation so that, for example, 
back-filled material may be deliberately varied in index 
in any direction to accommodate any need and retained 
and/or back-filled epitaxially produced layers may vary 
in index. By the same token, initial use will likely be in 
construction of DBR structures of alternating layers with 
every other layer replaced. Structural device require- 
ments may benefit by variations such as etch removal 
and back-filling e.g. of every third layer. In general, al- 
ternating layers as grown - layers to b replaced - are 
of material chosen with a view to fabrication - index of 
such removed layer plays no role in ultimate device op- 
eration. Device design may cont mplate retention of 
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one or more of such layers in which event material 
choice might satisfy optical needs (in iieu of optimization 
simply in terms of epitaxy and ease of removal). 

The Process s 

It is convenient to discuss other aspects of the in- 
vention in terms of processing. In this section discussion 
is largely directed to fabrication which differs because 
of the inventive teaching - to fabrication largely as con- io 
cerning removal and back-filling to attain the inventive 
objectives. 

In every instance, fabrication entails epitaxial 
growth on a 'substrate" - on a surface evidencing the 
degree of perfection, lattice parameters, etc. required is 
for epitaxial growth of material of requisite quality. Ordi- 
narily, the functioning portion of the mirror is best served 
by imperfection-free material which is uniform at least 
in the layer direction (ordinarily in thickness direction as 
well). 20 

Epitaxial growth may take any of the various forms 
appropriate to device/composition. Experimental work 
on which reported results are based made use of MBE, 
CVD, or variants. Workers in the field are aware of the 
various procedures and their limitations and may 25 
choose other types of epitaxial growth. Liquid Phase 
Epitaxy is an example. Expediency in attainment of per- 
fect or near-perfect epitaxy is advanced by non-reten- 
tion, generally of alternating grown layers. As indicated, 
such material, in many instances, may be chosen to ad- so 
vance this objective without regard to device function 
(since it is to be removed). 

In a very real sense the value of the inventive teach- 
ing is based on separation of fabrication conditions from 
ultimate device operation. As indicated, outstanding 35 
performance of Distributed Bragg Reflectors has been 
a consequence of extremely precise control in terms of 
freedom from imperfection as well as interfacial smooth- 
ness. Such structures depend upon 1/4 X mirror layers 
of material of alternating refractive index with sufficient *o 
freedom from crystalline imperfection and surface 
roughness to allow near-theoretical ray behavior. Unfor- 
tunately, this accomplishment has imposed sufficiently 
severe requirements as to limit device functioning - as 
to limit device functioning particularly in terms of limited 
An values, in turn: requiring large numbers of mirror 
pairs; imposing limitations on wavelength as well as 
spectral width of radiation to be reflected; introducing 
absorption loss of particular consequence at shorter 
wavelengths, e.g., in the X-ray spectrum. so 

Virtually complete separation of the two considera- 
tions permits removal and replacement of alternating 
layers so as to produce higher An values while, in large 
part, retaining the freedom from structural imperf ctions 
noted. A preferred embodiment of the invention may fur- ss 
ther enhance surface smoothness of etch-revealed sur- 
faces - to result ultimately in greater layer-to-layer 
smoothness. Such interfacial smoothness is largely a 



consequence of growth, rather than etch removal. Sur- 
face smoothness of a growing layer is dictated by en r- 
gy considerations. Ultimate smoothness, to the xtent 
permitted by the atomic arrangement of the material, 
corresponds with th lowestfr e-energy state of th sur- 
face. Accordingly, assuming reasonably uniform growth 
conditions, attainment of ultimate smoothness is a mat- 
ter of kinetics. An important factor of consequence in 
determining smoothness concerns kinetics of the move- 
ment of material as deposited. Depending on the depo- 
sition process used, such material may correspond with 
a final device-functioning material, e.g. AlAs, or alter- 
nately, with initial component/s or other precursor, e. 
g. the atom AJ. Reference to mobility in terms of final 
device composition should be considered as entailing 
either possibility. It turns out that certain materials are 
of lesser mobility, to result in a tendency for depositing 
material to remain where initially deposited. Particular 
materials, advantageously used in the invention - cho- 
sen on the basis of etch-selectivity - are of low mobility 
under conditions designed for ease of fabrication, e.g., 
for high throughput. Specifically, AlAs (or more precise- 
ly, for the MBE deposition process used, the atom, Al) 
has a very much lower mobility than that of the compan- 
ion material GaAs. Under growth conditions otherwise 
desirable, etch removal of growth of AlAs of required lay- 
er thickness (of one or some greater odd multiple of 1/4 
X) may result in surface roughness which is transferred 
to the subsequently epitaxial ly-grown GaAs to be re- 
tained. Removal of the AlAs followed by backfilling pro- 
duces interfacial roughness which may be of device 
consequence. 

Several remedies for this interfacial roughness are 
offered. Since the problem is simply kinetic, rather than 
thermodynamic, temperature may be increased, time 
may be increased, etc. To the extent that material of al- 
ternating layers is unaffected - to the extent that other 
device properties are of impaired • this may be an ade- 
quate solution. An example herein takes a different ap- 
proach. In Example 2 the disposable "layer" is in fact 
made up of two, or a multiplicity of sublayers. In accord- 
ance with the work reported in this example, the final 
sublayer was of one or a small number of monolayer, 
thicknesses of AlAs. Limited mobility of this near-mon- 
olayer, in consequence, could have only minimal ad- 
verse affect in terms of surface roughness. The under- 
tying surface of high-mobility assured GaAs together 
with this consideration resulted in the improved smooth- 
ness. 

While the genus of this preferred embodiment is so 
described, the particular work reported in Example 2 is 
representative of an important approach. Maximum uti- 
lization of the increased mobility associated with the Ga- 
containing composition was realized without impairing 
etch-removability by use of sufficiently thin alternating 
layers (of GaAs, AlAs) so as to be B seen" by th etchant 
virtually as a homogeneous alloy composition. Growth 
of near-monolayer thick layers minimized th smoothing 
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required of the higher mobility GaAs - reduced the depth 
ot crevices of underlying AlAs to be filled. 

Other work, resulting in improved interfacial 
smoothness, depended upon use of a uniform alloy 
composition - .g., 0.6 AlAs 0.4 GaAs. Again, incr ased 
mobility of the now-uniform composition resulted in 
smoothness substantially improved relative to that at- 
tained by the binary AlAs alone. Again, etch selectivity 
was of seriously impaired. 

Prototype DBRs are ordinarily based on grown lay- 
er thickness, each of a quarter wavelength. Back-filling 
expediency, where selectivity is restricted or where par- 
ticular device characteristics are sought, may impose 
limitations on minimum thickness. For example, neces- 
sary use of relatively high viscosity material may impose 
requirement for e.g. three, five, or more quarter wave- 
length thicknessperhaps by reason of temperature lim- 
itations in fabrication; perhaps due to fabrication or func- 
tional need to use relatively high molecular weight ma- 
terial (other than the usual compositions which afford 
both low viscosity in fabrication, as well as, high molec- 
ular weight attributes in the final device). 

The preceding paragraph is based on fundamental 
considerations. Direct applicability to reflector design 
using real materials is generally appropriate. However, 
under certain circumstances, e.g. when absorption loss 
is particularly high as it is for the x-ray spectrum, opti- 
mization may suggest deviation. For example, where 
one of the two paired Bragg layers is significantly more 
absorptive than the other, net enhancement may result 
from pairs constituted of thinner high absorption and 
thicker low absorption layers (still totalling 1/2 A). 

To a certain extent the invention depends on the ob- 
served ability for selective etch removal of high aspect 
ratio layers. This objective, as noted, is advanced by the 
freedom to choose e.g. alternating layers without regard 
to device function - perhaps with regard to etch removal, 
of course, with other compatible fabrication needs. An 
example herein makes use of hydrofluoric acid and this 
material showed adequate selectivity as between AlAs 
to be removed and e.g. GaAs. As is know, etching con- 
ditions are of consequence as well. In one instance, re- 
duced temperature (s=0°C) produced surfaces of in- 
creased smoothness. In another, ultrasonic vibration re- 
sulted in more effective selective removed. The flexibil- 
ity with which disposable material may be chosen per- 
mits processing on the basis of the many known etch 
dependent factors. 

Liquid etchants are generally available to satisfy 
fabrication needs and are otherwise conveniently used. 
Uniform penetration is assured by simple control meas- 
ures - maintenance of temperature uniformity, agitation, 
etchant concentration uniformity, etc. - all easily control- 
led while using simple immersion etching. Vapor state 
etching imposes some greater demands on apparatus 
and control but may serve. Controlled area etching, e. 
g. by us of masked reactive ion etching may be used 
- may be of particular valu where materials ar such 



that etch removal selectivity is limited. The latter could 
even be used to create voids to be back-filled within 
gross bodies of unvarying composition. 

In most fabrication it is critically important that there 

$ be no r sidue on relevant surfaces during back-filling. 
In some instances etchant removal is easily accom- 
plished e.g. by evaporation. In most circumstances, 
however, imposition of fabrication requirements restricts 
choice of etchants so that removal requires special pre- 

10 caution - often one or more specific removal steps. In 
general, removal is accomplished by use of solvent ma- 
terial serving this sole purpose. In the instance of liquid 
state HF etching, dilution with water to terminate etching 
resulted also in partial removal. Freedom from etchant/ 

'5 dissolved material, as well as from unwanted by-prod- 
ucts, was assured by continual dilution, sometimes as 
accompanied by ultrasonic agitation, followed ultimately 
by acetone removal of water. Experimentally, it was 
found that collapse of retained layers resulted during di- 

2 o lution. Collapse was avoided by limiting the degree of 
dilution. It was assumed that collapse was the result of 
capacitive charging of the retained layers (as enhanced 
due to good dielectric quality of highly diluted acid solu- 
tion) due to stray electrical fields. Retention of acetone 

25 on the surfaces aided in avoidance of voids during back- 
filling. 

A consideration of some consequence is avoidance 
of collapse of retained layers - of particular concern for 
larger aspect ratios. While collapse may be alleviated in 

30 a number of ways, for example, by the retained material 
within regions 16 in accordance with the embodiment of 
FIG. 1 , it may be desirable to take other precautions. It 
has been found useful to keep etch voids (correspond- 
ing with removed layers) filled with liquid to be displaced 

35 during back-filling. Simple retention of acetone in the 
above procedure has been effective. In certain instanc- 
es, it is necessary to present dried, unfilled regions for 
back-filling. An example concerns use of relatively high 
viscosity material (required perhaps by reason of func- 

^0 tional characteristics) which may not readily displace fill- 
ing material. A solution involves use of C0 2 - in one ex- 
periment, above the critical point (-1100 psi, and 31.5 
°C). Specifically, the procedure, known as supercritical 
drying (see, A. Boydeahd P. Vesely, "1972 Proceedings 

45 of the Annual Scanning Election Microscopy Symposia", 
p. 266) involved the introduction of gaseous C0 2 under 
conditions such that it was liquified to dissolve and re- 
move remaining acetone. Heating to a temperature 
above the critical point followed by removal of gas state 

so co 2 completed the process. 

Back-filling materials are chosen with regard to 
ease of fabrication, as well as, device functioning; Since 
the overall objective is large An, it invariably has a re- 
fractive index which differs significantly from that of ad- 

55 joining retained material. From the fabrication stand- 
point, a primary requirement is low viscosity - to expedit 
introduction without leaving interfacial voids - and, as 
noted, in some instances to displace retained filling ma- 
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terial. 

Most success has been had with thermosetting res- 
ins, noted for their dimensional stability, cured after fill- 
ing so as to take advantage of low viscosities of tow mo- 
lecular weight starting ingredients. Exemplary materials 
are the amine-cured epoxles, organosiloxane polymers 
(e.g. "Glas Resins® 8 supplied by OINEG) and acrylics 
(such as °LR White" (soft grade) - (see, G. R. Newman, 
etal, "J. Microscopy", vol. 127, RP5-RP6 (1982). 

The uncured resin components may be introduced 
as a solution in a low viscosity organic solvent (e.g., ac- 
etone) to facilitate penetration of the etched layered 
structure, followed successively by more concentrated 
solutions to provide a greater density of resin in the final 
structure. Alternatively, low viscosity may be achieved 
by the well known technique of using a low viscosity, 
reactive diluent that is incorporated into the final resin 
(which may be either thermoplastic or, thermosetting); 
After filling, the resin components may be cured by con- 
ventional means, e.g., by thermal or photochemical ac- 
tivation of suitably chosen components in the mixture of 
monomers and/or prepolymers and curing agent(s). 

Example 1 

The configuration of FIG. 1 is produced by epitaxial 
growth oh a substrate of GaAs of overall dimensions ap- 
proximately 0.5"x1 .0"x0.02" of successive layers (layers 
denoted 12, 13 on the FIG.) of 1341 AthickAIAs, 2,960 
A thick (5 X/4 layer) Al 0 3 G^ 7 As to result in the six 
layer structure depicted. AlAs layers are etch removed 
by aqueous 10 wt.% HF 0°C under ultrasonic agitation. 

Removal of layered material of maximum dimen- 
sion of 30 ujti requires approximately three minutes in 
the 10% acid solution. Following, the hydrogen fluoride 
solution is diluted with distilled water to = 1 part HF in 
10,000. Removal of the essentially pure water residuum 
is by acetone. 

Mutual solubility of residual acetone and acrylic 
back-filling material eases introduction (any possible 
small amount of dissolved acetone is of immeasurable 
effect in the functioning device). Etch removal and back- 
filling are expedited by provision of rectaljnear voids as 
shown in the figure. The procedure entails conventional 
masking followed by use of a non-preferential etchant. 

An values of approximately 1 .91 for X = 0.88 urn re- 
sults in reflectivity exceeding 97%. . 

Example 2 

The configuration of FIG. 1 is produced in accord- 
ance with a process variation in which the disposable 
"layer" is in fact constituted of a succession of very thin 
layers again of alternating composition (here referred to 
as a "superalloy"). 

Growth is epitaxial on a GaAs substrate. Layers as 
grown in success ton on the substrate ar : 6 A units thick 
AlAs - 4A units thick GaAs, tc. for totality of = 1 45 pairs 



(total thickness of 1 ,450A units). A 2,966 A units thick 
layer of Al 03 Gao 7 As is grown atop the superlattice lay- 
er. The procedur is repeated five times to result in a 
totality of six superalloy layers and six Al 0 3 Gao .7 As'lay- 
s ers of th thickn sses set forth. Superalloy layers are 
etch removed with HF of concentrations and under con- 
ditions as set forth in Example 1 . 



10 Claims 

1 . Process for fabrication of a device comprising a Dis- 
tributed Bragg Reflector comprising a plurality of 
layers of high and low refractive index material with 
regard to electromagnetic energy of a wavelength 
intended for use in device operation, in which one 
such refractive index material is grown epitaxially 
CHARACTERIZED in that the other such re- 
fractive index material is produced by back-filling of 
etch-removed epitaxially grown disposable materi- 
al, wherein some of said epitaxially grown disposa- 
ble material is retained during etch removal so as 
to avoid collapse of retained layers, thereby result- 
ing in a Distributed Bragg Reflector including at 
least one retained layer of high or low refractive in- 
dex in contact with at least one back-filled layer of 
refractive index which differs significantly from the 
said-retained layer. 

30 2. Process of Claim 1 in which etch-removed epitaxi- 
ally grown disposable material is of composition dif- 
fering from that of the said at least one retained lay- 
er. 

35 3. Process of Claim 2 in which etch removal is by use 
of etchant which selectively removes said disposa- 
ble material. 

4. Process of Claim 3 in which said reflector consists 
40 essentially of alternating layers of said high and low 
refractive index material. 



5. Process of Claims 3 or 4 in which each layer of epi- 
taxially grown disposable material consists essen- 

45 tially of a plurality of uniformly thin sub-layers of dif- 
fering compositions, one such sub-layer composi- 
tion being substantially more soluble in etchant as 
used for selective removal in accordance with Claim 
3. 

so 

6. Process of Claim 1 in which back-filling is by pre- 
cursor materials yielding back-filling consisting es- 
sentially of thermoset polymeric material upon cur- 
ing subsequent to back-filling. 

55 

7. Process of Claim 1 in which etch-removal is fol- 
lowed by at least one step in which tchant is re- 
moved. 
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8. Process of Claim 7 in which etchant removal entails 
introduction of material which dissolves such etch- 
ant. 

9. Process of Claim 8 in which th etchant is a water 
solution and in which etchant removal comprises 
further dilution of the said etchant. 

10. Process of Claim 9 in which such further dilution is 
succeeded by introduction of an organic solvent 
material compatible with the said back-filling mate- 
rial. 

11 . Process of Claim 7 in which etchant removal is suc- 
ceeded by supercritical drying. 

12. Process of Claim 11 in which supercritical drying 
consists essentially of introduction of carbon diox- 
ide at pressure and temperature above its critical 
point and in which supercritical drying follows direct- 
ly after etchant removal. 

13. Process of Claim 1 in which An is numerically at 
least equal to 1. 

14. Process of Claim 13 in which An is numerically at 
least equal to 1 .8, in which retained refractive index 
material comprises AlGaAs. 

Patentanspruche 

1 . Verfahren zur Herstellung einer Einrichtung mit ei- 
nem verteilten Braggreflektor mit einer Vielzahl von 
Schichten mit Material mit hohem und niedrigem 
Brechungsindex in Bezug auf die elektromagneti- 
sche Energie einer Wellenlange, die zur Verwen- 
dung beim Betrieb der Einrichtung gedacht ist, bei 
welcher das eine Brechungsindexmaterial epitaxial 
aufgewachsen ist, dadurch gekennzeichnet, daB 
das andere Brechungsindexmaterial durch Ruckful- 
len von durch Atzen entferntem epitaxial aufge- 
wachsenem entfernbarem Material hergestellt wird, 
wobei einiges des epitaxial aufgewachsenen ent- 
f ernbaren Materials wahrend der Atzentfernung zu- 
ruckbehalten wird, urn ein Kollabieren der zuruck- 
bleibenden Schichten zu vermeiden, wobei sich ein 
verteilter Braggreflektor mit wenigstens einer zu- 
ruckbehaltenen Schicht mit hohem Oder niedrigem 
Brechungsindex in Kontakt zu wenigstens einer 
ruckgefullten Schicht mit einem Brechungsindex, 
der sich beachtlich von der zuruckbehaitenen 
Schicht unterscheidet, ergibt. 

2. Verfahren nach Anspruch 1 , bei welchem das durch 
Atzen entfernte epitaxial aufgewachsene ntfern- 
bare Material von einer Zusammensetzung ist, die 
sich von der wenigstens einen zuruckbehalten n 



Schicht unterscheidet. 

3. Verfahren nach Anspruch 2, bei welchem bei der 
Atzentfernung ein Atzmittel verwendet wird, wel- 

5 ches das entfernbar Mat rial selektiv entfernt. 

4. Verfahren nach Anspruch 3, bei welchem der Re- 
flektor jm wesentlichen aus abwechselnden 
Schichten des Materials mit hohem und niedrigem 
Brechungsindex besteht. 

5. Verfahren nach Anspruch 3 oder 4, bei welchem je- 
de Schicht von epitaxial aufgewachsenem entfern- 
barem Material im wesentlichen aus einer Vielzahl 
von gleichfdrmigen dunnen Unterschichten von 
verschiedener Zusammensetzung besteht, wobei 
eine derartige Unterschichtzusammensetzung in 
einem Atzmittel, wie es fur die selektive Entfernung 
gemaB Anspruch 3 verwendet wird, wesentlich los- 
licherist. 

6. Verfahren nach Anspruch 1 , bei welchem das Ruck- 
fullen die Verwendung von Vorlaufermaterialien 
umfaBt, welche ein Ruckfullen ergeben, das nach 
dem dem Ruckfullen folgenden Harten thermohart- 
bares im wesentlichen polymeres Materialn ergibt. 

7. Verfahren nach Anspruch 1 , bei welchem der Atz^ 
entfernung wenigsten ein Schritt folgt, in welchem 
das Atzmittel entfernt wird. 

8. Verfahren nach Anspruch 7, bei welchem die Atz- 
mittelentfernung das Einfuhren von Material urn- 
faBt, welches ein derartiges Atzmittel lost. 

Verfahren nach Anspruch 8, bei welchem das Atz- 
mittel eine Wasserlosung ist,* und bei welchem die 
Atzmittelentfemung die weitere Verdunnung des 
Atzmittels umfaBt. 

Verfahren nach Anspruch 9, bei welchem der wei- 
teren Verdunnung die Einfuhrung eines organi- 
schen Ldsungsmittelmaterials folgt, welches zu 
dem Ruckfullungsmaterial kompatibel ist. 

Verfahren nach Anspruch 7, bei welchem der Atz- 
entfernung eine superkritische Trocknung folgt 

12. Verfahren nach Anspruch 11, bei welchem die su- 
. perkritische Trocknung im wesentlichen die Einfuh- 
rung von Kohlenstoffdioxyd bei einem Druck und ei- 
ner Temperatur uber dessen kritischem Punkt um- 
faBt und bei welchem die superkritische Trocknung 
direkt nach der Atzentfernung folgt. 

1 3. Verfahren nach Anspruch 1 , bei welchem An nume- 
risch wenigstens gleich 1 ist. 
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14. Verfahren nach Anspruch 13, b i welchem An nu- 
merisch wenigstens 1,8 entspricht, wobei das zu- 
ruckbehaltene Brechungsindexmaterial AlGaAs 
umfaBt. 



Revendications 

1. Precede pour la fabrication d'un dispositif compre- 
nant un R6flecteur de Bragg Fteparti qui comporte 
un ensemble de couches de materia ux k indice de 
refraction 6lev6 et k indice de refraction faibie, en 
ce qui concerne l'6nergie eiectromagnetique d'une 
longueur d'onde prevue pour I'utilisation dans le 
fonctionnement du dispositif, dans lequel Tun de 
ces materiaux ayant un indice de refraction est for- 
me par croissance epitaxiale 

CARACTERISE en ce que I'autre materiau 
ayant un indice de refraction est produit par un rem- 
plissage de remplacement d'un materia u k eiiminer, 
forme par croissance epitaxiale et enleve par atta- 
que, dans une condition dans laquelle une partie du 
materiau k eiiminer, forme par croissance epitaxia- 
le, est conserv6e au cours de I'enl6vement par at- 
taque, de fagon k eviter un affaissement de couches 
conservees, ce qui fait que Ton obtient un Reflec- 
ted de Bragg Reparti comprenant au moins une 
couche conservee, k indice de refraction eieve ou 
faibie, en contact avec au moins une couche de 
remplissage de remplacement ayant un indice de 
refraction qui differe notablement de celui de la cou- 
che conservee. 

2* Precede selon la revendication 1 , dans lequel le 
materiau k eiiminer qui est forme par croissance 
epitaxiale et est enleve par attaque, a une compo- 
sition qui diff&re de celle de la couche ou des cou- 
ches qui sont conserv6es. 

3. Proc6d6 sebn la revendication 2, dans lequel I'en- 
levement par attaque est effectue en utilisant un 
agent d'attaque qui enl&ve seiectivement le mate- 
riau k eiiminer. 

4. Proc6d6 selon la revendication 3, dans lequel le re- 
flected consiste fondamentalement en couches al- 
ternees des materiaux k indice de refraction 6leve 
et faibie. 

5. Procede selon les revendications 3 ou 4, dans le- 
quel chaque couche de materiau k eiiminer, forme 
par croissance epitaxiale, consiste fondamentale- 
ment en un ensemble de sous-couches unifdrm6- 
ment minces, ayant des compositions diff6rentes, 
I'un e de ces compositions de sous-couch e etant no- 
tablement plus soluble dans I'agent d'attaque qui 
est utilise pour I'enldvement seiectrf conform6m nt 
k la revendication 3. 



6. Precede selon la revendication 1, dans I quel le 
remplissage de remplacement est effectue av c 
des materiaux precurseurs donnant un materiau de 
remplissage de remplacement qui consiste essen- 

5 tiellement en un polymfere thermodurci sous I' ffet 
de la polymerisation k la suite du remplissage de 
remplacement. 

7. Proc6d6 selon la revendication 1 , dans lequel I'en- 
10 ievement par attaque est su'rvi par au moins une 

etape dans laquelle un agent d'attaque est enleve. 

8. Precede selon la revendication 7, dans lequel I'en- 
levement de I'agent d'attaque fait intervenir I'intro- 

15 duction d'une mature qui dissout cet agent d'atta- 
que. 

9. Precede selon la revendication 8, dans lequel 
I'agent d'attaque est une solution aqueuse et dans 

20 lequel ['enlevement de I'agent d'attaque comprend 
une dilution supplemental de I'agent d'attaque. 

10. Precede selon la revendication 9, dans lequel la di- 
lution supplemental est suivie par Introduction 

25 d'un solvant organique compatible avec le materiau 
de remplissage de remplacement. 

11. Precede selon la revendication 7, dans lequel I'en- 
levement de I'agent d'attaque est suivi par un s£- 

30 chage super-critique. 

12. Precede selon la revendication 11, dans lequel le 
sechage super-critique consiste essentiellement en 
une introduction de dioxyde de carbone k une pres- 

35 sion et une temperature sup6rieures k son point cri- 
tique, et dans lequel le sechage super-critique suit 
directement I'enlevement de I'agent d'attaque. . 

13. Precede selon la revendication 1, dans lequel An 
40 est numeriquement au moins egal k 1 . 

14. Precede selon la revendication 13, dans lequel An 
est numeriquement au moins egal k 1 ,8, et dans 
lequel le materiau conserve, ayant un indice de r6- 

45 fraction, consiste en AlGaAs. 
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